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Nonlinear Optoelectronic Integrated Systems

# F49620-96 — 1 -0096

Harold Fetterman, UCLA

This program investigated the development of enabling technologies for
optoelectronic integration and novel nonlinear concepts using these elements.
As part of this effort we used optical mixing techniques to demonstrate optical
modulators working above 100 GHz. Phototransistors were fabricated and
tested at 60 GHz at high optical powers. Passive devices such as fiber gratings
were tested and used as nonlinear transmission elements.

Perhaps the most interesting part of this effort involved the use of
optically coupled mixers to be used in phase conjugation systems. This concept
is now actively being studied for communications networks. In addition serially
fed optically controlled radars were conceived and developed. The hardest part
of such a system is the receive and this was also demonstrated.

Other concepts which were studied as part of this overall program
involved the use of ELO HEMTs for optical detectors and mixers. This work was
limited to 140 GHz because of the available devices. Later the actually optical
mixing was extended to 211 GHz. This was a record at the time and has just
recently been broken by our group.

Finally, other experimental devices which were investigated, as part of
our integrated effort, involved the use of Femto second lasers. The bandwidth
of the lasers were vital to examining fiber optic gratings in transmission and
,ynore recently, the implementation of time stretching for high speed A to D.

Papers are attached which document all of these efforts and the major
results.

Harold Fetterman
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High-Frequency Polymer Modulators with
Integrated Finline Transitions and Low V.

Datong Chen, Daipayan Bhattacharya, Anand Udupa, Boris Tsap, Harold R. Fetterman, Fellow, IEEE,
Antao Chen, Sang-Shin Lee, Jinghong Chen, William H. Steier, Fellow, IEEE, and Larry R. Dalton

Abstract— Ultrahigh-speed integrated electrooptic polymer
phase modulators have been fabricated and tested. They are
made from a new nonlinear optical polymer, amino phenylene
isophorone isoxazolone (APII), and are incorporated with
integrated high-speed electrode transitions for W-band (75-110
GHz) operation. This new polymer has also been used to
fabricate Mach-Zehnder modulators. These devices show
good performance over a wide frequency band ranging to 40
GHz and have a Vr < 10 V. The measurements establish
APII, and other chromophores specially designed to minimize
chromophore—chromophore interaction, as strong contenders for
fabricating modulators for commercial and military applications.

Index Terms—Electrooptic modulation, finline transition, opti-
cal mixing, optical waveguides, traveling-wave devices.

ONLINEAR optical polymer materials have become a
viable option for future high-performance integrated op-

tics. This is especially true for high-frequency optical circuits
because of their high nonlinearity, fast electronic response and
near ideal velocity match for traveling-wave devices. Recent
progress in research on nonlinear optical polymer materials
and devices made from them confirm these predictions [1]{4).
Previously, we demonstrated the operation of polymer
traveling-wave phase modulators up to 110 GHz [5]. In those
experiments, we used commercial coplanar waveguide probes
(Picoprobe Model 120) to launch the driving power into the
modulators. Though these probes provided excellent coupling
of the power up to 120 GHz, they are unsuitable for integrated
modulator structures due to their cost, size, and geometry. In
this paper, we present the design and fabrication of a set
of devices with monolithically integrated antipodal finline
transitions, the structure of which is shown in Fig. 1. It has
the advantage of low loss and high-dimensional fabrication
tolerance. The transition gradually transforms the electric field
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Fig. 1. (a) Design of the finline transition. (b) The changing overlap between
the top and bottom electrodes gradually rotates the electric field by 90°.

profile of the rectangular metallic waveguide to that of the
microstrip line electrode on the device and effectively couples
the microwave driving power into the modulator.

We chose to use a 127-um-thick Mylar film as the dielectric
substrate owing to its low microwave loss tangent; good
electrical, chemical, thermal and mechanical properties. The
Mylar film was glued onto a silicon wafer for mechanical
support during processing and detached from it just before
insertion into the waveguide. A layer of silver and gold was
deposited on the Mylar to serve as the lower ground plane for
the microstrip lines.

Using photolithography, the lower finline transition pattern
was etched in the region to be inserted into the waveguide.
The lower cladding layer and the active polymer layer were
spin coated and the active polymer was corona poled. The
optical waveguide pattern was defined on the polymer using
reactive ion etching with alignment to the pre-etched ground
pattern. The upper cladding was spun on and a thin layer
of chromium and gold was deposited for the top electrode.

1041-1135/99$10.00 © 1999 IEEE
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CHEN et al.: HIGH-FREQUENCY POLYMER MODULATORS

Fig. 2. (a) Photograph of the fabricated polymer modulator with integrated
finline transitions at both ends of the traveling-wave electrode. (b) Photograph
of the packaged W-band polymer modulator. This shows one modulator in
the array connected to the rectangular waveguide.

A thick photoresist was patterned to define the top electrode
and the upper finline transition. This pattern was precisely
aligned to the polymer optical waveguide and the lower
finline. Electrochemical gold plating was used to increase the
thickness of the top electrode to 7 um. The end surfaces of
the optical waveguide were prepared using a dicing saw. A
photograph of the fabricated device is shown in Fig. 2(a).
The particular finline transition region to be inserted into the
rectangular waveguide was separated from the array and the
polymer layers on the lower finline transition pattern removed
using a solvent. The transition was then inserted into the
waveguide as shown in Fig. 2(b).

Previously, we have made polymer modulator devices using
PUR-DR 19 that had an electrooptic coefficient r33 = 15
pm/V, about half that of LiNbO3. Recent efforts in nonlinear
organic chemistry have resulted in the synthesis of polymers
with electrooptic coefficients close to or even exceeding that of
LiNbOg3. This is a direct consequence arising out of a better un-
derstanding of the London forces governing the dipole—dipole
electrostatic interactions [6]. One such polymer developed
by Dalton et al. is amino phenylene isophorone isoxazolone
(APII) which has a r33 = 30 pm/V at an optical wavelength of
1.06 um [1]. In addition to impressive nonlinearities, APII has
exhibited low optical losses and high stability. Fig. 3 shows the
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Fig. 3. Optical loss of the APII as a function of the propagating distance.
Note that losses typically increase after crosslinking.

intrinsic optical loss (~1 dB/cm) of the APII as a function of
the propagating distance of light. The temporal stability of the
induced acentric dipole alignment is achieved by incorporating
chromophores into a crosslinked polyurethane thermosetting
network. This increases the optical losses slightly, but makes
these systems very robust. We have used them with relatively
high-power levels (>20 mW) for long periods of time. APII
exhibits high thermal stability, the decomposition temperature
being 235 °C. Alignment temporal stability ranges from 90 °C
to 120 °C for a crosslinked polymer network.

The performance of these APII polymer devices was mea-
sured using an optical heterodyne technique [7]. This technique
involves mixing of the modulated output of our device and
the output of a tunable laser that is set at a fixed frequency
away from the center frequency of the modulated laser beam.
A generalized schematic of this measurement is shown in
Fig. 4(a). Assuming small-signal case, one of the terms gen-
erated by the beating between the three arms has a frequency
Af = f — (F\ — F3) and has the following form:

Vo

Ve

where E; and F3 are electric field strengths in the first and
third arm, respectively, V;,, and f are the peak voltage and
frequency of the microwave signal, F; — F, and Ap =
#1 — ¢3 are the difference in frequency and static phase
between the two lasers and V; is the half-wave voltage of
the phase modulator. By tuning the two lasers, A f can be
made to fall in the IF band of our detection setup. The
magnitude of the photocurrent generated by the detector is
inversely proportional to the V, of the modulator at the
frequency of operation. Since it depends only on the interaction
between the phase-modulated arm and the heterodyne arm, this
technique can be used equivalently to measure the frequency
performance of phase and Mach-Zehnder modulators.

Light from a diode-pumped Nd:YAG laser (A = 1310 nm)
was butt-coupled to the optical waveguide endface of our
modulator using a single-mode PM fiber. Light for the local
oscillator was derived from an external-cavity semiconductor
diode laser, which could be tuned several hundreds of giga-
hertz around the Nd:YAG laser. Fine tuning of the difference
frequency was achieved by precisely adjusting the frequency

E\E;. -sin2n - Af -t — Ad) )
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Fig. 4. (a) Generalized schematic of the optical heterodyne setup showing
the Mach-Zehnder structure and local oscillator configuration. (b) Modulation
signal of the APII phase modulator at 95 GHz down-converted to an IF of
477 GHz.

of the Nd: YAG laser. Both beams were combined usinga 2 x 2
fiber beam splitter and made incident on a photodetector. A
50-mW GUNN diode was used as the microwave source at
95 GHz. The spectrum analyzer trace of the downconverted
signal at 95 GHz for the APII integrated phase modulator is
shown in Fig. 4(b). This is an encouraging result for a phase
modulator that has a V,, = 16 V, that corresponds to a V. of
10.6 and 5.3 V in Mach-Zehnder and push-pull configurations,
respectively.

To test the performance of the APII based modulators to
40 GHz, we fabricated a set of Mach-Zehnder devices on
silicon substrates. The major fabrication steps were similar
to those outlined for the devices on Mylar substrates. For an
electrode~waveguide interaction length of 1.7 cm, the V, of
these devices in a Mach~Zehnder configuration was 10 V. In a
push—pull configuration, this would correspondtoa V, = 5V,
which makes this new set of polymer devices acceptable for
commercial applications. Two tunable diode pumped Nd : YAG
lasers at 1.319 um were used as sources for lower frequency
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optical heterodyne measurement of the modulation signal. The
initial measurements on the modulator showed considerable
rolloff over the 0-40-GHz band of operation resulting from
losses in the microstrip line. As we have found in related
polymer structures, the V. can be made almost flat over this
frequency range by increasing the thickness of the microstrip
line.

Traditionally, it has been accepted that the main advan-
tage of polymer modulators over LiNbO3 modulators is their
ultrahigh-theoretical bandwidth. This results from the poly-
mers’ almost perfect velocity match that allows them to
be configured as traveling-wave devices [8]. However, the
problem of the limited nonlinearities in polymer materials
has so far kept them from finding widespread use. This new
generation of polymer devices have shown vast improvement
in performance over DR19 [9] and can compete with LiNbO3
devices in many important applications.

In conclusion, APII, a new polymer material with high non-
linearity and low optical loss has been synthesized and used
to fabricate arrays of ultrahigh-frequency phase modulators
with integrated finline transitions. These modulators have been
tested at 95 GHz. The excellent microwave performance of
the integrated transition signals the first successful efforts in
packaging of polymer modulators at such high frequencies.
Using this new polymer, Mach—Zehnder modulators have
been fabricated and shown to work over a wide frequency
band. Both these devices have shown very low V. and
have the ability to be commercially fabricated and packaged.
Hence, these devices have widespread potential applications
in commercial communication and military systems.
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Electro-optic modulation up to 113 GHz has been de
modulators. The modulation signal was directly detect
with an external-cavity tunable semiconductor laser.
function of frequency over the whole W band, was wit
used to launch W band millimeter wave driving po

monstrated using traveling wave polymer

ed at 1.3 um using a laser heterodyne system
The device optical response variation, as a
hin 3 dB. A well-matched coplanar probe was
wer into the microstrip line electrode on the

device. Based upon these measurements, high speed electrodes with integrated millimeter wave
transitions had been fabricated and tested. © 7997 American Institute of Physics.

[S0003-6951(97)03125-2]

Polymer materials have become increasingly important
for integrated optics' because of their low dispersion and fast
electronic response. Decades of research®> on nonlinear
electro-optic polymer materials have made it possible to
make high frequency photonic switching and modulating
devices 510 Recently our group demonstrated frequency re-
sponse of an electro-optic polymer modulator up to 60
GHz,'” and measured its frequency-length product to be well
above 100 GHz cm.!! However, in extending these measure-
ments beyond 60 GHz, the millimeter wave circuits become
more complex, and electro-optical phase modulation charac-
terization becomes more demanding. In this letter, we report
our latest high frequency measurement results over the
whole W band (75-110 GHz) and up to 113 GHz.

The device being tested was a traveling wave polymer
phase modulator.'? The optical wave propagates along a ver-
tically stacked optical ridge waveguide, which consists of a
poled PUR-DR19 active core sandwiched between lower and
upper claddings made of Epoxylite 9653. The driving milli-
meter wave electric field propagates along the microstrip line
on top of the upper cladding in the same direction as the
optical wave. Because of polymer’s low index of refraction
and low dispersion, we were able to use a straightforward
traveling wave design to achieve velocity matching between
the millimeter and optical waves. For high frequency opera-
tion, the main problems are to effectively couple the milli-
meter wave driving power into the microstrip line on the
device and to reduce the microstrip line Ohmic loss. In this
demonstration we used high frequency coplanar probes to
drive the microstrip line electrode on the device in well-
matched configurations at 61 GHz, and from 74 to 113 GHz.

A dc probe tip was used to precisely open small holes on
the thin polymer dielectric layer at both sides of the micros-
trip line and to expose the ground contact regions. The dis-
tance between the coplanar probe tips is 100 um, and the
dielectric layer is only 10 um thick so the three probe tips
made an effective contact with a spring loaded contact

YElectronic mail: datong @ucla.edu
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mechanism. We also measured the contact resistance before
doing the measurement. To reduce the microstrip line Ohmic
loss, we improved our fabrication process by changing our
gold-plating recipe. A pulse/reverse current through a non-
cyanide-based solution yielded a thicker line with improved
morphology, reduced electrode resistance and Ohmic loss.

We used an optical heterodyne detection system to char-
acterize our device.'""® This is a very sensitive method, in-
dependent of detector response, to characterize the electro-
optic phase modulation at high frequencies. As the detector
is illuminated by the phase modulated light mixed with a
second laser, it generates a photocurrent:

ip= i Lo{Jo($})cos(Awr+A g - () sin[(Aw
+Q)t+Aqs]—J,(¢{)sin[(Aw—Q)t+A¢»]}, (1)

where /; and /, are the intensities of the lasers, Jg, J, are
zeroth and first order Bessel functions of the first kind, ¢y is
the phase modulation amplitude, Aw is the frequency offset

of the two lasers, and () is the millimeter wave modulation

frequency. The last term in Eq. (1) is the downconverted
heterodyne signal. For small signal operation

D wniryl
I(#D=G =" vay, @

As shown in Eq. (1), the optical heterodyne technique is used
to downconvert the high frequency optical phase modulated
signal (~100 GHz) into a strong low frequency electrical
amplitude modulated signal (~3 GHz) requiring only a low
speed photodetector. Equation (2) indicates that the hetero-
dyne signal is proportional to the phase modulation ampli-
tude.

Figure 1 shows the high frequency electro-optic phase
modulator characterization setup. A 1.319 um laser beam
from a fine tunable Ligthwave Electronics 122 YAG laser
was coupled into the end of a single mode optical fiber, with
the other end of the fiber cleaved. This cleaved end was
brought very close to the input end of the optical waveguide
of the device, using a piezoelectric translation stage, and the

© 1997 American Institute of Physics 3335
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light was directly butt coupled into the device. The modu-
lated light output was then collected by a 20x microscope
objective and fed into a single mode fiber through another
10X microscope objective. An Environmental Optical Sen-
sors external-cavity semiconductor laser at 1.3 pm with a
coarse tuning range of ~8 THz was used for the second
beam of the heterodyne detection system. The two beams
were combined through a 2X 1 fiber coupier, rather than in
free space, to reduce optical losses and to increase the optical
alignment stability. Next, the combined beams were fed to a
Fermionics photodetector, which can response up to 20 GHz.
The output of the detector was amplified and displayed on an
HP 8592 spectrum analyzer.

At first, the two lasers were tumned on and an HP 70950B
optical spectrum analyzer was used to find the wavelengths
of the two lasers. We tuned the YAG laser frequency to the
middle of its range, and tuned the external-cavity semicon-
ductor laser so that the laser frequency offset was approxi-
mately equal to the intended millimeter wave modulation
frequency. The tuning resolution of the extemnal-cavity semi-
conductor laser was 1.7 GHz, and its power was set to 05
mW. When the millimeter Wwave power was turned on, the
heterodyne signal appeared at low frequency on the spectrum
analyzer. Fine tuning of the YAG laser brought the hetero-
dyne signal to the desired preset frequency. When we
changed the driving millimeter wave frequency, we also
tuned the YAG laser frequency by the same amount so that
the signal on the Spectrum analyzer was always at the same
reading to ensure a simple and reliable calibration, When the
fine tuning YAG laser reached its maximum tuning range,
we coarse tuned the external-cavity semiconductor laser to
extend the frequency measurement range. Unlike the YAG
laser, the external-cavity semiconductor tunable laser was
not very stable in frequency with its frequency jumping
about 100 MHz. The measurement span had to be increased
to accommodate such a large drift and the noise floor was
raised, thereby compromising the measured signal-to-noise
ratio. Even in using these unlocked lasers, the signal was stll
quite high, due to the reduced optical insertion loss of our
new devices.

Before we started to characterize our modulator at
W-band frequencies, we tested the device at 61 GHz to re-

3336 Appl. Phys. Lett., Voi, 70, No. 25, 23 June 1997
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FIG. 2. Polymer modulator optical response at 105.8 GHz, optically down-

converted to 3.9 GHz. The device was driven by a W-band backward wave
oscillator.

peat our previous 60 GHz performance'® with V-band copla-
nar probes. Using W-band coplanar probes, we first observed
the W-band phase modulation from the polymer modulator
by using narrow band Gunn oscillators, which were rela-
tively low noise and had about 20 mW output power at 94
GHz. Later we used several backward wave oscillaors
(BWO) as the microwave source to systematically character-
ize the device over the whole W band, and a typical mea-
Surement at 105.8 GHz is shown in Fig. 2. The BWOs were
broadly tunable with output power levels ranging from a few
mW up to 50 mW. A power meter and a frequency counter
were used to closely monitor the millimeter wave driving
power. After normalization for the millimeter wave driving
power the device's optical response at different frequencies
was plotted. As shown in Fig. 3, from 74 to 113 GHz, the
device's optical response was characterized every 1 GHz,
and exhibited a maximum variation of 3 dB. This 3 dB in-
cluded the probe’s frequency dependent coupling efficiency.
The device's frequency characterization range was only lim-
ited by the commercial probe frequency response capability.
Such a smooth response validated our predictions that the

nonlinear electro-optic polymer materials work extremely -

well at high frequencies. Combined with our previous work
at lower frequencies,’® the current measurements indicate
that these devices can operate effectively over the entire
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FIG. 3. High frequency optical response curve of the polymer modulator
from 74 to 113 GHz. The total variation was less than 3 dB.

Chen et al,



fiber coupling

—_——

, / DCbias\,/ ﬂaéh'-lchndcr'

microstrip o7 {oad
"\\\‘k\\\\\\\\\\\\\\\\\\
,\\\\\“ — fin-line transition

— W-band waveguide
(to be inserted)

(b)

START
75.0GHz

STOP
105.0 GHz

FIG. 4. (a) Overview of the device with an integrated W-band antipodal

fin-line transition, The transition section is to be inserted into
waveguide for high speed device operation. (b) Measured

test circuit.

range from 0 to 110 GHz, Also, on the high frequency plot

no resonance appears, indicating that the coplanar probes
were well matched to the microstrip lines on the devices.
Based upon these prototype demonstrations, we wanted

to develop more robust, less costly devices which do not
require the use of commercial rf probes. We have designed
and made fin-line structures to effect the monolithic transi-
tion between our W-band microwave waveguide sources and

various electrode configurations on the device. As shown in
Fig. 4(a), such transitions gradually transformed the electric

field profile and the impedance of the millimeter wave wave-

guide to that of the microstrip line electrode, Figure 4(b) is
the measured W-band S21 of our test circuit for these mono-
lithic modulators, fabricated on a Duroid 5880 substrate, and
consisting of two antipodal fin-line transitions and a 4 cm

long microstrip line.

In addition to our effort in extending our modulator’s
frequency response, processing parameters have now been

Appl. Phys. Lett., Vol. 70, No. 25, 23 June 1997

the microwave
W-band S, of a

make an optical mode match between optical fiber and de-
vice optical waveguide has been developed, so that our op-
tical insertion losses can now be reduced to less than 5 dB.
Integration of the polymer moculator with various semicon-
ductor drivers on a single chip has also beeq studied in
detail.'¢

In conclusion, we have successfully fabricated and char-
acterized the electro-optic polymer modulators up to 113
GHz. Other key figures of merit including transmission effi-
ciency have also been improved. These devices work at ex-
tremely high frequencies, can be configured with integrated
microwave transitions, and can be easily fabricated into ar-
rays, having both parallel and series configurations, They
will provide an inexpensive alternative to conventional de-
vices, and offer exciting new application areas.

This project was Supported by the Office of Naval Re-
search (ONR), the Air Force Office of Scientific Research
(AFOSR), and National Center for the Integrated Photonic
Technology (NCIPT' ).
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